Plants modify metabolic processes for adaptation to low phosphate (P) conditions. Whilst transcriptomic analyses show that P deficiency changes hundreds of genes related to various metabolic processes, there is limited information available for global metabolite changes of P-deficient plants, especially for cereals. As changes in metabolites are the ultimate 'readout' of changes in gene expression, we profiled polar metabolites from both shoots and roots of P-deficient barley (Hordeum vulgare) using gas chromatography-mass spectrometry (GC-MS). The results showed that mildly P-deficient plants accumulated di-and trisaccharides (sucrose, maltose, raffinose and 6-kestose), especially in shoots. Severe P deficiency increased the levels of metabolites related to ammonium metabolism in addition to di-and trisaccharides, but reduced the levels of phosphorylated intermediates (glucose-6-P, fructose-6-P, inositol-1-P and glycerol-3-P) and organic acids (a-ketoglutarate, succinate, fumarate and malate). The results revealed that P-deficient plants modify carbohydrate metabolism initially to reduce P consumption, and salvage P from small P-containing metabolites when P deficiency is severe, which consequently reduced levels of organic acids in the tricarboxylic acid (TCA) cycle. The extent of the effect of severe P deficiency on ammonium metabolism was also revealed by liquid chromatography-mass spectrometry (LC-MS) quantitative analysis of free amino acids. A sharp increase in the concentrations of glutamine and asparagine was observed in both shoots and roots of severely P-deficient plants. Based on these data, a strategy for improving the ability of cereals to adapt to low P environments is proposed that involves alteration in partitioning of carbohydrates into organic acids and amino acids to enable more efficient utilization of carbon in P-deficient plants.
Plants modify metabolic processes for adaptation to low phosphate (P) conditions. Whilst transcriptomic analyses show that P deficiency changes hundreds of genes related to various metabolic processes, there is limited information available for global metabolite changes of P-deficient plants, especially for cereals. As changes in metabolites are the ultimate 'readout' of changes in gene expression, we profiled polar metabolites from both shoots and roots of P-deficient barley (Hordeum vulgare) using gas chromatography-mass spectrometry (GC-MS). The results showed that mildly P-deficient plants accumulated di-and trisaccharides (sucrose, maltose, raffinose and 6-kestose), especially in shoots. Severe P deficiency increased the levels of metabolites related to ammonium metabolism in addition to di-and trisaccharides, but reduced the levels of phosphorylated intermediates (glucose-6-P, fructose-6-P, inositol-1-P and glycerol-3-P) and organic acids (a-ketoglutarate, succinate, fumarate and malate). The results revealed that P-deficient plants modify carbohydrate metabolism initially to reduce P consumption, and salvage P from small P-containing metabolites when P deficiency is severe, which consequently reduced levels of organic acids in the tricarboxylic acid (TCA) cycle. The extent of the effect of severe P deficiency on ammonium metabolism was also revealed by liquid chromatography-mass spectrometry (LC-MS) quantitative analysis of free amino acids. A sharp increase in the concentrations of glutamine and asparagine was observed in both shoots and roots of severely P-deficient plants. Based on these data, a strategy for improving the ability of cereals to adapt to low P environments is proposed that involves alteration in partitioning of carbohydrates into organic acids and amino acids to enable more efficient utilization of carbon in P-deficient plants.
Introduction
Inorganic phosphorus (P i ) is an essential macronutrient for plant growth and development. It influences virtually all biochemical processes in plants. P i is a component of many cellular molecules such as ATP, nucleic acids, phospholipids and phosphorylated sugars, and thus plays a crucial role in carbon and nitrogen metabolism. Plant cells have to maintain P i concentrations within a critical range (Schachtman et al. 1998) . Although phosphorus (P) is abundant in most soils, P availability and mobility often are low (Raghothama 1999) , which limits crop growth and productivity. Large amounts of P i fertilizers are applied to achieve high crop yields, which has led to the rapid depletion of non-renewable P resources and environmental pollution . Therefore, improving the P i acquisition and utilization efficiency of crop species is important for sustainable agriculture.
Plants modify metabolic processes to reprioritize utilization of internal P i and maximize acquisition of external P i in low P i environments . Thus, plants increase root surface area and root : shoot ratios to enable exploration of more soil volume under low P i conditions. Furthermore, P-deficient plants optimize P utilization through mobilization of P from different subcellular compartments and organs, and through the modification of metabolic processes and hydrolysis of many P-containing molecules such as nucleic acids, phospholipids and small phosphorylated metabolites (Mimura 1999 , Plaxton 2004 , Cruz-Ramirez et al. 2006 . Plant roots also modify their rhizosphere by the secretion of organic acids (Lopez-Bucio et al. 2000) and enzymes to increase P availability , and simultaneously synthesize more P i transporter proteins in the plasma membrane of root epidermal cells for higher P i uptake capacity (Muchhal and Raghothama 1999) . Transcriptomic analyses in Arabidopsis, rice and lupin have shown that coordinated changes in the expression of several hundred genes take place in P-deficient plants ( Uhde-Stone et al. 2003 , Wasaki et al. 2003a , Wu et al. 2003 , Mission et al. 2005 , Morcuende et al. 2007 ). These genes are involved in various metabolic pathways, such as photosynthesis, carbon metabolism, nitrogen assimilation and synthesis of protein and nucleic acids (Wu et al. 2003 , Misson et al. 2005 , Morcuende et al. 2007 ), which could lead to adaptive changes in metabolite profiles.
Recent advances in analytical technologies, such as gas and liquid chromatography coupled to mass spectrometry (GC-MS and LC-MS), have allowed the analysis of a large number of compounds from a single plant sample (for a review, see Kopka 2006) . Such metabolite profiles provide not only a much broader view for a systematic adjustment in metabolic processes than conventional biochemical approaches but also an opportunity to reveal new insights on metabolism. Metabolite profiling with GC-MS has been used for studies on nutrient deficiency including nitrogen, sulfate, iron and P in a single-cell, green alga (Bo¨lling and Fiehn 2005) and in higher plants such as Arabidopsis and common beans (Hirai et al. 2004 , Nikiforova et al. 2005 , Hernandez et al. 2007 . A combination of transcriptomic and metabolite analyses has also been made to increase further our understanding of plant responses to various environmental stresses such as sulfate and nitrogen (Hirai et al. 2004 , Nikiforova et al. 2004 , Nikiforova et al. 2005 , and P deficiency in Arabidopsis and common beans (Hernandez et al. 2007 , Morcuende et al. 2007 . Despite the agronomic importance of cereals, such as wheat and barley, little information is available for metabolite changes in response to P deficiency. As P i homeostasis is regulated at the whole-plant level by translocating P i from mature to young tissues and from shoots to roots under P i -limiting conditions (Jeschke et al. 1997 , Mimura 1999 , it is necessary to determine alterations in both shoots and roots to increase our understanding of the biochemical mechanisms involved in whole-plant adaptation to the low P i environment.
In this report, barley (Hordeum vulgare L.) was used as a model plant for cereal crops. We measured approximately 100 metabolites from both shoots and roots of mildly or severely P-deficient barley plants using a recently developed GC-MS method (Roessner et al. 2006) . Metabolite profiles reveal distinct changes in carbon and nitrogen metabolism in P-deficient barley plants, leading to accumulation of di-and trisaccharides and free amino acids. The distinct metabolite profiles suggested that the severely P-deficient barley plants are confronted with an increased level of ammonium. Thus, the effect of severe P deficiency on ammonium metabolism was further investigated through quantitative analysis of amino acid profiles using LC-MS (Callahan et al. 2007 ). Our results provide new insights into the effects of P deficiency on carbon and nitrogen metabolism in barley plants.
Results
Plant responses to short-and long-term P starvation in growth and P nutrition Barley seedlings were grown from seeds for different time periods in a nutrient solution either with no added NH 4 H 2 PO 4 (ÀP) or with 0.1 mM NH 4 H 2 PO 4 (þP, control) to obtain plants with different P status. At the 10th day after seed imbibition (day 10), shoot development was similar in the two P treatments, with both having a fully expanded first leaf and a small second leaf. There were no apparent P deficiency symptoms in the shoots of ÀP-treated plants, although a change in root appearance was evident. Shorter primary roots and more lateral roots were observed in the ÀP treatment. Plant growth measured on a FW basis was significantly different between ÀP and þP treatments at day 10 ( Fig. 1A) but there was no difference in DW between ÀP and þP treatments at day 10 (data not shown). The P concentration of shoots in the ÀP-treated plants was 2.6 mg P g -1 DW (Fig. 1B) , which was below the critical P concentration of 4 mg P g -1 DW (Reuter and Robinson 1997) . The concentration of P in the roots was 3.2 mg g -1 DW (Fig. 1B) . In contrast, the P concentration in the þP-treated plants was adequate at day 10 (Fig. 1B) . The ÀP-treated plants at day 10 suffered from mild P deficiency, and henceforth were referred to as mildly P-deficient plants.
Plant growth was severely retarded when the plants were grown in the ÀP treatment for an additional 7 d ( Fig. 1A ; day 17). There were two small fully expanded leaves, with the third leaf emerging in the ÀP-treated plants, whereas there were three large fully expanded leaves in the þP-treated plants. The seminal roots of the ÀP-treated plants were much shorter than those in the þP-treated plants. P concentrations in the ÀP-treated plants further declined to 1.2 mg P g -1 DW in shoots and 2.0 mg P g -1 DW in roots at day 17 (Fig. 1B) . Therefore, the ÀP-treated plants at day 17 were inferred to be severely P-deficient plants in this study.
Expression of HvIPS1 and HvPht1;6 in P-deficient plants
The TPSI1/At4 genes are sensitive to P deficiency, and widely used as a molecular indicator for P deficiency (Burleigh and Harrison 1997 , Liu et al. 1997 , Martin et al. 2000 , Wasaki et al. 2003b , Hou et al. 2005 . HvIPS1 is a barley homolog of the TPSI1/At4 genes (Hou et al. 2005) , and HvPht1;6 is a low-affinity P i transporter of barley (Rae et al. 2003) . Both HvIPS1 and HvPht1;6 are sensitive to P deficiency, and are highly expressed in both shoots and roots of Lofty Nijo barley plants. The transcript levels of HvIPS1 and HvPht1;6, therefore, were determined by quantitative real-time PCR to monitor the response of both shoots and roots to P deficiency. As shown in Fig. 2A , a low level of HvIPS1 (1.2 Â 10 6 normalized copies mg À1 RNA) was detected in the shoots of þP-treated plants at day 10, but a 27.7-fold increase (34.3 Â 10 6 normalized copies mg À1 RNA) was observed in the shoots of the ÀP-treated plants.
The enhanced expression of HvPht1;6 (3.2-fold increase) was also observed in the shoots of ÀP-treated plants at day 10 compared with that in the shoots of þP-treated plants ( Fig. 2A) . In contrast, a 41.5-fold increase in the transcript level of HvIPS1 was observed in the roots of ÀP-treated plants (Fig. 2B) , which was similar to the enhanced level in the shoots ( Fig. 2A) . However, no difference in the HvPht1;6 transcript level was found in the roots receiving the two P treatments at day 10 ( Fig. 2B) , suggesting that the shoots of barley plants are more sensitive to P deficiency than the roots. Severe P deficiency sharply increased the transcript levels of HvIPS1 and HvPht1;6 in both shoots and roots at day 17 (Fig. 2) .
Metabolite profiles of shoots and roots in mildly P-deficient plants A GC-MS-based method developed by Roessner et al. (2006) was used for the analysis of polar metabolites from barley plants. More than 400 compounds were detected in barley plants subjected to both þP and ÀP treatments, of which approximately 130 compounds could be assigned a chemical structure. A total of 98 metabolites were identified as known compounds, including 23 amino acids, 15 organic acids, 25 sugars and 35 non-polar compounds (Supplementary Tables S1, S2). Metabolite levels from both shoots and roots and the ratios of ÀP/þP are presented in Supplementary Table S1 for the mildly P-deficient plants at day 10, and in Supplementary Table S2 for the severely P-deficient plants at day 17. The ÀP/þP ratios for metabolite levels for mildly P-deficient plants are summarized in Fig. 3 . The levels of approximately half of the sugars analyzed were significantly increased in the shoots of the mildly P-deficient plants (ÀPSD10, Supplementary Table S1). A significant increase in the levels of di-and trisaccharides (sucrose, 1.1-fold; maltose, 2.7-fold; raffinose, 4.2-fold; and 6-kestose, 11.9-fold), and one aromatic compound (shikimate, 2.2-fold) was observed (Fig. 3) . Little change in amino acids and organic acids was observed in the shoots of the mildly P-deficient plants (ÀPSD10, Supplementary Table S1 ). In contrast, only a few metabolites were significantly changed in the roots of mildly P-deficient plants compared with þP-treated roots (ÀPRD10, Supplementary Table S1, Fig. 3 ). One sugar, maltose, rose to 1.5-fold in the roots (ÀP/þPRD10, Supplementary Table S1). The P i level in the polar fraction of mildly P-deficient plants was not significantly affected either in shoots or in roots (phosphoric acid in the polar fraction of Supplementary Fig. 3 Effect of P supply on the levels of primary polar metabolites from shoots and roots of 10-day-old plants. Barley seedlings were grown in a nutrient solution with 0.1 mM NH 4 H 2 PO 4 (þP) or without NH 4 H 2 PO 4 addition (ÀP), and harvested at the 10th day after seed imbibition. A simplified metabolic pathway is used to show the levels of the primary metabolites determined by GC-MS. The metabolites measured by GC-MS are shown in bold, and undetermined metabolites in a regular font. Relative ratios (ÀP/þP) of metabolites in the shoots (in parentheses) and roots (no parentheses) are presented as means AE SE (n ¼ 4). Significant differences (P 0.05) in the ratios between the ÀP and þP treatments are indicated in green for the increased ratios, and in red for the reduced ratios.
to mild P deficiency than others such as amino acids and organic acids. In addition, it is obvious that shoots are more responsive than roots to mild P deficiency.
Metabolite profiles of shoots and roots in severely P-deficient plants
The ratios (ÀP/þP) of a wide spectrum of polar metabolites were altered in 17-day-old, P-deficient plants (Supplementary Table S2 ). The elevated levels of di-and trisaccharides remained in the shoots of severely P-deficient plants (Fig. 3) , and more changes in di-and trisaccharides including maltose (2.7-fold), sucrose (137.4-fold), raffinose (7.2-fold) and 6-kestose (7.0-fold) occurred in the roots (Fig. 4) . Although the ratio of sucrose (ÀP/þP) in the roots of 17-day-old plants was extremely high, the level of sucrose (18.3) in the roots of the severely P-deficient plants (Supplementary Table S2 ) was only slightly lower than that (23.1) in the mildly P-deficient plants (Supplementary Table S1 ). The extremely high ratio of sucrose in the roots of the severely P-deficient plants is mainly due to the largely reduced level of sucrose (0.1) in þP-treated roots at day 17 ( Fig. 4 and Supplementary Table S2 ). In addition, a large increase in shikimate (12.0-fold) was observed in the roots. Ribose was the only monosaccharide which was reduced 0.3-to 0.6-fold in both shoots and roots of severely P-deficient plants. The levels of other monosaccharides were either unaffected or increased (Fig. 4) . However, P i levels in the polar fraction of the severely P-deficient plants were sharply reduced to approximately 10% of those in þP-treated plants (phosphoric acid in the polar fraction of Fig. 4 Effect of P supply on the levels of primary polar metabolites from shoots and roots of 17-day-old plants. Barley seedlings were grown in a nutrient solution with 0.1 mM NH 4 H 2 PO 4 (þPi) or without NH 4 H 2 PO 4 addition (ÀP), harvested at day 17 after seed imbibition, and separated into shoots and roots. A metabolic pathway is used to show the levels of the primary metabolites determined by GC-MS. The metabolites measured by GC-MS are shown in bold, and undetermined metabolites in a regular font. Relative ratios (ÀP/þP) of metabolite in the shoots (in parentheses) and roots (no parentheses) are presented as means AE SE (n ¼ 4). Significant differences (P 0.05) in the ratios between the ÀP and þP treatments are indicated in green for the increased ratios, and in red for the reduced ratios.
Supplementary Table S2) , and the concomitant reduction in phosphorylated sugars, including glucose-6-P, fructose-6-P, glycerol-3-P and inositol-1-P, was also observed in both shoots and roots of the severely P-deficient plants at day 17 ( Fig. 4 and Supplementary Table S2 ). The levels of several organic acids of the TCA cycle were also reduced in the severely P-deficient plants, including a-ketoglutarate (0.4-fold) and malate (0.7-fold) in the shoots, and succinic acid (0.7-fold) and fumaric acid (0.5-fold) in the roots (Fig. 4 ). There were hardly any changes in the levels of amino acids in both shoots and roots of the mildly P-deficient plants when compared with þP-treated plants (Supplementary Table S1 ), but the levels of two-thirds of the amino acids were increased in the shoots of the severely P-deficient plants (ÀPSD17, Supplementary Table S2 ). In addition, the polyamine putrescine was increased in shoots (ÀPSD17, Supplementary Table S2) . Similarly, dramatic changes in the levels of the amino acids and metabolites related to ammonium metabolism were also observed in the roots of severely P-deficient plants. There was an increase in the levels of asparagine (3.0-fold), glutamate (2.4-fold) and putrescine (2.3-fold) in the roots of the severely P-deficient plants, as well as a sharp increase in the level of urea up to 33.2-fold in roots (Fig. 4) . This high ratio of the urea level was due to the combination of an increase of urea (2.5-fold) in the roots of the severely P-deficient plants (ÀPRD17, Supplementary Table S2 ) compared with that of the mildly P-deficient plants (ÀPRD10, Supplementary Table S1), and a reduction of the urea level from 0.8 in the roots of þP-treated plants at day 10 (þPRD10, Supplementary Table S1) to 0.1 at day 17 (þPRD17, Supplementary Table S2 ). These data should be viewed cautiously as the quantification of urea by GC-MS can be unreliable so an alternative approach would need to be utilized to explore this effect further. Furthermore, the level of aspartate in the roots of the severely P-deficient plants was reduced to 0.5-fold (Fig. 4) . The significant change in the metabolites related to ammonium assimilation suggests that the severe P deficiency increases levels of ammonium, leading to alterations in ammonium assimilation.
Effect of severe P deficiency on the concentrations of free amino acids
The observations described above led us to conduct an additional experiment to determine the effect of severe P deficiency on amino acid metabolism. Absolute concentrations of free amino acids were determined using LC-MS to complement the data obtained by GC-MS. In the additional experiment, the nutrient solutions were supplemented with two levels of ammonium (0.1 and 0.4 mM). The low ammonium treatment (0.1 mM) was the same as that used for plant growth in the first experiment (Fig. 1) . The high ammonium treatment (0.4 mM) is designed to investigate the effect of external ammonium supply on the accumulation of free amino acids in P-deficient plants and to prevent possible depletion of ammonium in the nutrient solution when only low concentrations (0.1 mM) were supplied. Barley is an ammonium-sensitive species (Britto and Kronzucker 2002) . We determined that the maximum level of ammonium that could be added to the nutrient solution without obvious adverse effect on plant growth was 0.4 mM with co-provision of ammonium and nitrate. In þP treatments, shoot fresh weights for the 0.1 and 0.4 mM ammonium treatments were similar (Fig. 5A ), but the fresh weight of roots in the 0.4 mM ammonium treatment was 0.72 g plant -1
, which was slightly lower than that of 0.81 g plant -1 in the 0.1 mM treatment (Fig. 5B ). In contrast, plant growth in the ÀP treatment supplied with either 0.1 or 0.4 mM ammonium was severely retarded compared with that of þP treatment (Fig. 5A, B) . The growth inhibition in both shoots and roots was similar to that shown in Fig. 1A . P concentrations in the shoots of þP-treated plants supplemented with either 0.1 or 0.4 mM ammonium were above the critical levels (Reuter and Robinson 1997) , whereas those in the shoots of ÀP-treated plants were 1.2 mg P g -1 DW for the 0.1 mM ammonium treatment, which is equal to that observed in the severely P-deficient plants in the first experiment (Fig. 1B) , but slightly lower (1.0 mg P g -1 DW) in the 0.4 mM ammonium treatment than that in the 0.1 mM ammonium treatment (Fig. 5C) .
The concentrations of all 20 amino acids and GABA (g-aminobutyric acid) were obtained by LC-MS (Supplementary Table S3 ), and the results were compared with those determined by GC-MS (Supplementary Table S2 ). The extent of the effect of severe P deficiency on the concentrations of free amino acids was confirmed by the LC-MS analysis (Supplementary Table S3 ). In the shoots, severe P deficiency led to an increase in the concentrations of half of the amino acids, especially glutamine and asparagine (Supplementary Table S3) , and a large reduction in the concentrations of glutamate and aspartate regardless of the ammonium concentration (0.1 or 0.4 mM) (Fig. 6A) . The concentrations of glutamine and asparagine also increased in the roots (Fig. 6B) , but the concentrations of some of the abundant amino acids such as alanine, aspartate, glutamate and serine were decreased in the roots irrespective of the rate of ammonium supply (Supplementary Table S3 ). The changes in the levels of amino acids generally agreed with those obtained by GC-MS in the first experiment (ÀPSD17, Supplementary Table S2 ), but there were some differences in the relative levels of some of the amino acids such as asparagine, glutamate, proline and phenylalanine between the two experiments using these two different technologies (Supplementary Tables S2, S3 ). These differences in amino acid levels reflect the differential stabilities of the respective amino acids to the different derivatization and detection methodologies.
The concentrations of glutamine and asparagine in both shoots and roots were sensitive to ammonium supplied. They increased from approximately 10 mmol g À1 DW in the shoots of the þP treatment with 0.1 mM ammonium to 40 mmol g À1 DW in the shoots of the þP treatment with 0.4 mM ammonium (Fig. 6A ). In the severely P-deficient plants, the concentrations of glutamine and asparagine in the shoots rose above 60 mmol g À1 DW in 0.1 mM ammonium and above 90 mmol g À1 DW in 0.4 mM ammonium (Fig. 6A) . A similar magnitude of increase in the concentrations of glutamine and asparagine was also observed in the roots of the severely P-deficient plants (Fig. 6B) . These results indicate that severe P deficiency further increases the concentrations of glutamine and asparagine in both shoots and roots. When ÀP/þP ratios of amino acids in both shoots and roots of the plants treated with 0.4 mM ammonium were compared with those treated with 0.1 mM ammonium, the high ammonium supply had little effect on the ÀP/þP ratios of amino acids except for a reduction in the ratios of glutamine and asparagine and Table S3 ). These results indicate that the effect of severe P deficiency on the concentrations of free amino acids in both shoots and roots is largely independent of ammonium supply. In addition, the concentrations of both glutamate and aspartate, precursors for synthesis of glutamine and asparagine, were affected by severe P deficiency. The concentrations of glutamate and aspartate were reduced by approximately 50 and 25%, respectively, in the shoots of ÀP treatments with either 0.1 or 0.4 mM ammonium relative to those of þP treatments (Fig. 6A and Supplementary Table S3 ). The greater reductions in the concentrations of glutamate and aspartate were also observed in the roots of ÀP treatments with two rates of ammonium supplied compared with those of þP treatments (Fig. 6B and Supplementary Table S3 ). Interestingly, the high ammonium supplied did not reduce the concentrations of glutamate and aspartate either in the shoots or in the roots of þP-treated plants (Fig. 6A , B, Supplementary Table S3 ). These results suggest that severely P-deficient plants utilize amino acids as an alternative carbon resource, especially in the roots.
Discussion
P deficiency in barley plants results in increases in di-and trisaccharides and decreases in small P-containing metabolites P deficiency initially enhanced the accumulation of di-and trisaccharides, especially for maltose, raffinose and 6-kestose in the shoots of the moderately P-deficient plants (Fig. 3) . Only maltose increased in the roots (Fig. 3,  Supplementary Table S1 ). The transcript levels of HvPht1;6 (Fig. 2 ) also indicate that roots are less sensitive to P deficiency. Severe P deficiency leads to a further increase in di-and trisaccharides in both shoots and roots. These data are consistent with previous reports that P deficiency led to an increase in the levels of starch, sucrose and monosaccharides in common beans and Arabidopsis (Ciereszko and Barbachowska 2000 , Hernandez et al. 2007 , Nilsson et al. 2007 , and a graminaceous plant, Brachiaria hybrid (Nanamori et al. 2004 ). It also is consistent with the reduced level of sucrose synthase in P-deficient maize roots (Li et al. 2007 ). The increased levels of mono-, di-and polysaccharides suggest that glycolysis may be hindered in both shoots and roots of P-deficient barley plants. In contrast, the cDNA array analyses from lupin and rice suggest that P deficiency stimulates glycolysis (Uhde-Stone et al. , Wasaki et al. 2003a . It is conceivable that to maintain a high level of organic acid secretion in the proteoid roots of lupin, a enhanced level of glycolysis is necessary under P-deficient conditions (Pearse et al. 2006 ), but it is not clear why rice did not show enhanced accumulation of di-and polysaccharides under P-deficient conditions (Nanamori et al. 2004 ). It appears that metabolic changes in glycolysis in response to P deficiency differ among plant species.
Severe P deficiency depleted inorganic P i storage pools as indicated by the sharp reduction of phosphoric acid in the polar fractions of plant tissues to 510% of the controls (ÀPDS17/þPDS17 and ÀPDR17/þPDS17, Supplementary Table S2) . Under these conditions, organic P is an alternative resource of P for plant cells. RNA, phospholipids and small phosphorylated metabolites are three main classes of compounds containing phosphoesters. Degradation of RNA by increased RNase activity under P i -limiting conditions is well documented (Plaxton 2004) . The RNA content in the shoots of severely P-deficient Arabidopsis plants was reduced to 13% of that in the P-sufficient plants (Hewitt et al. 2005) . Considerable amounts of organic P are present in small phosphorylated metabolites, which is approximately equivalent to that in RNA or in phospholipids (Bieleski and Ferguson 1983, Doermann and Benning 2002) . The levels of small phosphorylated metabolites including glucose-6-P, fructose-6-P and inositol-1-P were largely reduced in both shoots and roots of the severely P-deficient plants, and the level of glycerol-3-P in the polar fraction was also sharply reduced in the shoots of the severely P-deficient plants (Fig. 4) . The reduction of phosphorylated sugars was also observed in bean roots and Arabidopsis under P-deficient conditions Randall 1994, Morcuende et al. 2007 ). These results indicate that severely P-deficient plants salvage P from small phosphorylated metabolites for essential cellular functions. These small phosphorylated metabolites are important intermediates in glycolysis and synthesis of polysaccharides (glucose-6-P and fructose-6-P), phospholipids (glycerol-3-P and inositol-1-P), amino acids and nucleotides, and in energy production. Thus a depletion of these phosphorylated metabolites would have a severe impact not only on carbohydrate and nitrogen metabolism but also on other metabolic processes.
The enhanced accumulation of di-and tri-saccharides in P-deficient plants can reduce the consumption of P i in phosphorylation of sugar metabolites and convert the small phosphorylated metabolites to non-P-containing di-and trisaccharides and other compounds such as aromatic compounds (Figs. 3, 4) . This could be a strategy to reduce P i consumption but may also have a benefit in osmotic protection for stressed plants. Increased accumulation of di-and trisaccharides such as raffinose has been described in plants exposed to heat stress (Panikulangara et al. 2004) and sulfate deficiency (Nikiforova et al 2005) , maltose in acute temperature stress (Kaplan and Guy 2004) and 6-kestose, a precursor for synthesis of fructans, under drought conditions (Hendry 1993 , Amiard et al. 2003 . However, carbohydrate formed as di-and trisaccharides shown to accumulate in P-deficient plants cannot be utilized readily for energy metabolism without involvement of P i to provide carbon metabolites for the TCA cycle. An alternative storage form of carbon, such as organic acids and amino acids, would be preferred for survival of P-deficient plants (Nanamori et al. 2004 ).
P deficiency reduces organic acids in the TCA cycle
The reduced levels of several organic acids of the TCA cycle including a-ketoglutarate, succinate, fumarate and malate (Fig. 4) , and the reduction in the concentrations of glutamate and aspartate, especially in the roots of the severely P-deficient plants (Fig. 6B) , suggest that the shortage in carbohydrate supply is more apparent in the roots than in the shoots of severely P-deficient plants.
Reduced levels of fumarate were also observed in P-deficient Arabidopsis (Misson et al. 2005 ). In addition, P deficiency increases the secretion of organic acids into the rhizosphere although cereals are weak secretors of organic acids compared with legumes under low P conditions (Neumann and Ro¨mheld 1999, Pearse et al. 2006) . The secretion of organic acids could also contribute to the reduction of the organic acids in the root tissues. The roots of severely P-deficient plants have to adjust metabolic processes to utilize possible carbon metabolites, such as amino acids. Some of the amino acids could be utilized as an alternative carbon resource for energy production, reassimilation of the released ammonium and synthesis of organic acids for secretion. Interestingly the levels of several organic acids in the TCA cycle were also reduced in the roots of P-deficient common beans (Hernandez et al. 2007) . As legumes are efficient secretors of organic acids (Neumann and Romheld 1999, Pearse et al. 2006) , secretion could be a significant contributor to the reduced levels of organic acids in the roots. Nevertheless, no reduction in small P-containing metabolites nor organic acids in the TCA cycle is observed in sulfate-deficient Arabidopsis plants (Hirai et al. 2004 , Nikiforova et al. 2005 , indicating that the reduction in the organic acids is unique to P-deficient plant species.
Severe P deficiency alters nitrogen metabolism
In P-deficient conditions, transcript levels of the genes coding for enzymes involved in protein degradation were enhanced, and the genes for protein synthesis were suppressed in both Arabidopsis and common beans (Wu et al. 2003 , Misson et al. 2005 , Hernandez et al. 2007 ). The abundance of proteins related to protein degradation through the ubiquitin-26S proteasome pathway was found to have increased in P-deficient roots of maize (Li et al. 2007 ). The reduced transcript levels of genes related to nitrate reduction (Wu et al. 2003) and reduced activities for nitrate reduction have also been described in P-deficient plants (Gniazdowska and Rychter 2000) . The increased concentrations of total free amino acids in the shoots of severely P-deficient plants (Supplementary  Table S3 ) are likely to result from increased protein degradation and repressed protein synthesis. Various metabolic reactions involved in either synthesis or degradation of amino acids produce ammonia, such as asparagine to aspartate, glutamine to glutamate, glutamate to a-ketoglutarate, and glycine to serine. P deficiency enhances the transcript levels of alanine aminotransferase genes in both Arabidopsis and common beans (Wu et al. 2003 , Hernandez et al. 2007 , and the protein abundance of glutamate dehydrogenase and phenylalanine ammonialyase in maize roots (Li et al. 2007) . A high concentration of ammonium is harmful to plants, especially for barley, an ammonium-sensitive plant (Britto and Kronzucker 2002) . Thus, it is critical to avoid excessive accumulation of ammonium in P-deficient plants. The levels of glutamine and asparagine were elevated in both shoots and roots of severely P-deficient plants, and other metabolites related to ammonium metabolism including putrescine and tyramine were also enhanced in the severely P-deficient plants, especially in the roots (Supplementary Table S2 ). The increased level of putrescine was also observed in P-deficient rice cells (Shih and Kao 1996) . These data suggest that deamination of amino acids occurs in the severely P-deficient plants for utilization in carbon metabolism, and a concomitant increase in assimilation of ammonium takes place to ensure a reduction in levels of ammonium. The increased activities of glutamate dehydrogenase and glutamine synthase in Arabidopsis plants (Morcuende et al. 2007) , and the enhanced protein abundance of root glutamate dehydrogenase and glutamine synthase observed in P-deficient maize plants (Li et al. 2007 ) support this interpretation. It is interesting to note that the transcript levels of glutamate synthase were down-regulated by P deficiency in rice (Wasaki et al. 2003a) . Rice is an ammonium-tolerant species, which is in contrast to barley that is an ammonium-sensitive species (Britto and Kronzucker 2002) . The difference in the metabolite levels related to ammonium metabolism between P-deficient barley and rice may be due to this different mechanism of tolerance to ammonium.
The synthesis of glutamine and asparagine requires a carbon skeleton. The enhanced levels of glutamine and asparagine will require additional molecules of a-ketoglutarate and oxaloacetate withdrawn from the TCA cycle, leading to a further reduction in the levels of organic acids, and restriction in energy production in severely P-deficient plants. The increased levels of glutamine, asparagine and other metabolites closely related to ammonium metabolism are also observed in other nutrient stresses such as nitrogen and sulfate deficiency (Hirai et al. 2004 , Nikiforova et al. 2005 , but the specific reduction in glutamate and aspartate is only observed in P-deficient barley plants. As synthesis of glutamine and asparagine can incorporate two ammonium molecules into one organic acid, this is a highly effective ammonium assimilation mechanism under the carbohydrate-limiting conditions caused by P deficiency. Our metabolite analyses provide indirect evidence that P-deficient plants are confronted with increased ammonium. To establish a direct link of P deficiency to the increased accumulation of ammonium in barley tissues, further experiments are required by supplying low concentrations of ammonium and monitoring ammonium levels in plant tissues.
The increased levels of glycine and serine in the shoots of the severely P-deficient plants indicate that photorespiration is enhanced in the shoots of the severely P-deficient plants because glycine and serine are intermediates for photorespiration (Wingler et al. 2000) , and the increased levels of glycine and serine correlate well with the rate of photorespiration in P-deficient bean plants (Kondracka and Rychter 1997) . Increases in the levels of glycine and serine were also observed in sulfur-deficient Arabidopsis plants (Nikiforava et al. 2005) , indicating that the increase in photorespiration is a general stress response (Wingler et al. 2000) .
Carbohydrate partitioning in P-deficient barley differs from a P-efficient Gramineae grass P deficiency results in the enhanced accumulation of di-and trisaccharides, and reduced organic acids in barley plants, which generally is similar to rice, a P-inefficient plant (Nanamori et al. 2004) . A P-efficient grass (Brachiaria hybrid) is very different from rice in carbohydrate partitioning under P-deficient conditions (Nanamori et al. 2004) . The Brachiaria hybrid can allocate more carbohydrates into organic acids and amino acids. Maintaining high activities of phosphoenolpyruvate carboxylase and phosphoenolpyruvate phosphatase under the low P condition appears to be critical for allocating a large proportion of carbohydrate into organic acids and amino acids. Our data suggest that barley behaves as a P-inefficient plant in metabolic adaptation to low P environments. Thus, to improve P efficiency in barley and perhaps other cereal crops, manipulation of metabolism through a shift in carbohydrate partitioning could provide a logical strategy.
In summary, the metabolite profiles generated from both shoots and roots provide an overview of the metabolic adjustments that occur in P-deficient barley plants. As illustrated in Fig. 7 , P-deficient barley plants alter the levels of many key metabolites which affect various metabolic pathways including glycolysis, photorespiration, and metabolism of nitrogen and phospholipids. These adaptive adjustments reduce P i consumption by increasing the levels of di-and trisaccharides, and salvage P i from various P-containing compounds including small P-containing metabolites to maintain essential cellular functions. An immediate consequence, which is unique to P deficiency, is greatlly reduced levels of the key metabolites in glycolysis, leading to the decrease in carbohydrate supply to the TCA cycle, especially in the roots. In addition, P-deficient plants are likely to be confronted with the challenge of increased ammonium derived from the degradation of protein. The assimilation of the increased ammonium requires additional organic acids from the TCA cycle, which depletes the organic acid supply further. It is noteworthy that although there are di-and trisaccharides present in the P-deficient plants, they cannot be readily utilized. Organic acids and amino acids are the preferred storage metabolites in P-deficient plants (Nanamori et al. 2004 ) as they can be readily utilized as the carbon resource by P-deficient plants. Therefore, if barley (and other cereals) are to be engineered to be better adapted to growth in P-deficient soils, there is a need to shift the partitioning of carbohydrate from di-and tri-saccharides to organic acids and amino acids. Investigating the expression of genes (transcriptome) and proteins (proteome) in barley under P-deficient conditions would provide additional evidence to support this strategy for enhancing the P efficiency.
Materials and Methods

Plant materials
Barley (H. vulgare L. cv Lofty Nijo) seeds were surfacesterilized with 70% ethanol for 1 min and 3% hypochlorite for 5 min, rinsed with deionized water and incubated in Petri dishes for 2 d at room temperature. Two seeds with an emerged radicle were put into a seedling cup which was placed in the lid of a black plastic container. Each container contained either four seedling cups for two harvests or two seedling cups for one harvest, and were filled with 1 liter of nutrient solution. The basal nutrients were as follows (in mM): Ca(NO 3 ) 2 , 1,000; KNO 3 , 1,000; MgSO 4 , 250; KCl, 50; H 3 BO 3 , 12.5; Fe-HEDTA, 10; MnSO 4 , 0.4; CuSO 4 , 0.1; ZnSO 4 , 0.5; NiSO 4 , 0.1; and MoO 3 , 0.1, with NH 4 H 2 PO 4 , 100 (þP treatment) or without NH 4 H 2 PO 4 (ÀP treatment). To balance NH 4 ions added in the þP treatment, 100 mM NH 4 NO 3 was added into the nutrient solution of the ÀP treatment. In the additional experiment with two levels of ammonium, either 100 or 400 mM NH 4 NO 3 was added in the þP treatment, and either nil or 300 mM NH 4 NO 3 was added in the ÀP treatment. All treatments were replicated four times. Half-strength nutrient solution was used until the 10th day after seed imbibition for the plants harvested at day 10 and day 17, but the eighth day for the plants harvested at day 16. Full strength was applied thereafter. The full-strength nutrient solution was replaced at day 14 for the plants harvested at day 17, but at day 12 for the plants harvested at day 16. The pH of the nutrient solution was adjusted to 6.0 with 1 M KOH, and the solution was aerated continuously.
Plants were grown in a controlled environment at 208C day/158C night, with a photoperiod regime of 14 h day/10 h night at 300 mmol m À2 s -1 photon flux intensity at the plant level. At each harvest, two seedling cups were removed from each container. Plants were collected in 5-6 h of the light period to eliminate diurnal changes in metabolite levels. The roots of plants from one seedling cup were rinsed briefly in deionized water, excess water was blotted on fresh laboratory tissues, and the roots and shoots were separated and oven-dried at 658C for 48 h. The dry plant samples were used for mineral element analysis by inductively coupled plasma spectrophotometry (Zarcinas et al. 1987) . Another cup of plants was separated into roots and shoots, frozen immediately in liquid nitrogen and stored at À808C for metabolite and transcript analyses.
Real-time quantitative RT-PCR Shoots and roots of three replicates from each P treatment were used for transcript analysis. Total RNA was prepared using Trizol reagent according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). Total RNA was treated with DNase I using the DNA free kit (Ambion, Austin, TX, USA) to remove any contaminating genomic DNA, and then RNA integrity was checked on an agarose gel. cDNA was prepared from 2 mg of total RNA using SuperScript TM III reverse transcriptase, according to the manufacturer's instructions (Invitrogen). The reaction was incubated at 508C for 45 min and at 708C for 15 min to inactivate the enzyme.
The transcript levels of HvIPS1 and HvPht1;6 were determined by real-time quantitative PCR essentially as described by Burton et al. (2004) . The transcript levels of three control genes (barley a-tubulin, heat shock protein 70 and cyclophilin) were determined and used for normalization. Normalization was carried out as described by Vandesompele et al. (2002) and Burton et al. (2004) . The normalized copies mg RNA À1 are presented. The primers, 5 0 GCGGCGACTTCTCACCTCTACTAAG and 5 0 CGAAGGATTCAAACAGGATCACACA (GenBank accession No. BI780234) were used for amplification of HvIPS1 and 5 0 GGTCAAGAACTCGCTATTCATCC and 5 0 CCATACATCC ATCCAAACCTG (GenBank accession No. AF543198) for amplification of HvPht1;6.
Analysis of metabolites with GC-MS
Metabolite analysis was carried out by a GC-MS-based method modified from Roessner et al. (2006) . Fresh tissues of roots and shoots from barley plants were homogenized using a mortar and pestle with liquid nitrogen. Frozen tissue powder (100 AE 10 mg, exact fresh weight was recorded) was extracted with methanol (350 ml). A polar internal standard (20 ml of 0.2 mg ml -1 ribitol in water) and a non-polar internal standard (30 ml of 2 mg ml -1 nonadecanoic acid methylester in chloroform) were subsequently added as quantification standards. The mixture was extracted for 15 min at 708C and then mixed vigorously with 1 vol. of water. In order to separate polar and non-polar metabolites, 300 ml of chloroform was added to the mixture and centrifuged at 2,200Âg for 10 min. The upper methanol/water phase was collected and washed with chloroform (300 ml). The polar phase of shoot extracts (100 ml) and root extracts (250 ml) was separately dried under vacuum. Both lipid layers were combined and dried under vacuum. In order to methylate fatty acids, the residues of the non-polar fractions were further incubated with chloroform (100 ml) and acidified methanol (300 ml of 1.25 N HCl in methanol) for 24 h at 508C, and afterwards dried under vacuum. The dry polar residue was redissolved and derivatized for 120 min at 378C in methoxyamine hydrochloride (40 ml of 20 mg ml À1 in pyridine) followed by a 30 min treatment with N-methyl-N-[trimethylsilyl] trifluoroacetamide (MSTFA) (70 ml) at 378C. The dry non-polar residue was derivatized for 60 min at 378C in pyridine (70 ml) and MSTFA (40 ml). To both, a retention time standard mixture [10 ml of 0.029% (v/v) n-dodecane, n-pentadecane, n-nonadecane, n-docosane, n-octacosane, n-dotracontane, n-hexatriacontane dissolved in pyridine] was added prior to trimethylsilylation. Sample volumes of 1 ml were then injected using the splitless mode onto a GC column using a hot needle technique.
The GC-MS system and conditions were as described in Roessner et al. (2006) . Acquired total ion chromatograms and mass spectra were evaluated using the Xcalibur program (ThermoFinnigan, Manchester, UK) and the resulting data are prepared, normalized and presented as described by Roessner et al. (2001) . Mass spectra of eluting compounds were identified using the commercial mass spectra library NIST (http://www.nist.gov) and the public domain mass spectra library of the MaxPlanck-Institute for Plant Physiology, Golm, Germany (http:// csbdb.mpimp-golm.mpg.de/csbdb/dbma/msri.html). All matching mass spectra were additionally co-verified by determination of the retention time and mass spectra by analysis of authentic standard substances.
Analysis of free amino acids with LC-MS
Leaf material ($15 mg) was accurately weighed into Eppendorf tubes (2 ml) and a solution of EDTA (400 ml; 5 mM) was added to each sample. The samples were sonicated for 15 min, then heated in a water bath (808C; 15 min), centrifuged (14,500 r.p.m.; 5 min) and the supernatant derivatized. The derivatization of the amino acids is based on a procedure outlined by Cohen and Michaud (1993) and involved mixing the supernatant obtained above (20 ml) with borate buffer (200 ml; 0.2 M; pH 8.8), followed by the addition of 10 mM 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate solution (50 ml) in dry acetonitrile. The reaction mixture was then heated at 558C in a water bath for 10 min and analyzed by LC-MS as described by Callahan et al. (2007) .
The LC-MS system comprised a Surveyor LC Pump, Surveyor Auto Sampler and LCQ Deca XP Max ion trap MS (Thermo Finnigan, USA). The ESI (electron spray ionization) source was optimized by infusing a derivatized amino acid standard in line with the mobile phase, then tuning the source conditions and ion optics to optimize the signals for the derivatized amino acids. This resulted in the following conditions: sheath gas 30 arbitrary units, auxiliary gas 10 arbitrary units, spray voltage 3.0 kV, capillary temperature 2508C, capillary voltage 56 V, and tube lens 53 V.
Derivatized amino acids were eluted on an Altantis dC18 150 Â 2.1 mm; 3 mm (Waters, Melbourne, Australia) HPLC column using a three-step gradient of deionized water (0.1% formic acid) and acetonitrile (0.1% formic acid) at a flow rate of 0.25 ml min -1 and a column temperature of 308C (Callahan et al. 2007 ).
Statistical analysis
Students t-test at P 0.05 was applied for the means (n ¼ 4) of metabolites presented in Supplementary Tables S1-S3. Statistical analyses were carried using the Pirouette 3.11 software (Infometrix Inc., Woodinville, WA, USA).
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